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1. Introduction

Exploration of Mars is a major thrust of NA SA,
Some of the important goals of this exploration are
(1) the scarch for life and understanding of evolution
of the planct, (2.) the discovery of accessible. walelr, (3)
understanding how the climate has changed, and (4)
developing aninventory of uscful resources, as a
precursor 10 human exploration. The purposcisto
understand  broadly the cvolution, geology,
geochemistry, organic chemistry, and climate and 10
this knowledge widely available to the public.

While many useful scientific investigations canbe
done in situ on the surface of Mars, there scems 1o be
agrecement that the main scientific objectives of”’
exploration can only be achieved with the return of
samples 10 Earth for analysis. | lowever, a sample
relurn mission {rom Mars is a very significant
undertaking. Altho ugh vigorous attempls arc now
being made to develop new programmatic approaches
10 lower the cost of such a mission, a Mars Sample
Return (MSR) mission is unlikely to be aftfordable
wilh current technological appt oaches. In the
meanwhile, NASA plans a scrics Of' ncarer-t erm
exploration missions which will provide importantin
situ data on Martian materials, butnot as mu | as a
sample return, These planned nearer-term affordable
missions Will be vitalin solidifying, capabilitics for a
serics Of” evolving Mars missions with ever increasing
capabilitics. To this end, the NASA Mars Surveyor
program iS planning a setics ol surface exploration
missions to be launched in 1998, 2001, and 2.()()3, as
precursors 10 a possible sample return mission in as

carly as 2005".

This paper provides an overview 01’ asctof
technological options being cnabled for Mars
exploration, under atechnology development program
sponsorsed by the NASA Office of Space Across and
Technology. 'l *histechnolog y development program,
designated asthe Mars Exploration Technology
(MET) program, supportsthe following task
clements:

« Precision Landing - to enable site sclection
and safc landing in more. interesting landing
arcas,

«  Sampling System - for acquisition and
handling of soil, rock and subsurface. samples. A
prototype of this system was demonstrated in
May 1995, andused as a foundation for a
successlul proposal for integration of a similar
system with an approve.(i scicnce payload inthe
Mars 98 mission.

« in-silu Propellant Production - aimed at
terrestrial prototype evaluation of leading system
concepts for use of the Martian atmosphere to
produce fuel and ox ygen as propel lants for the
return trip 10 Earth,

« in-Silu  Instruments - focusing on a
miniature, Nuclcar Magnetic Rcesonance
Spectrometer for detecting and characterizing
walter in various different states.

« Low Temperature High Density
Illectronics- conducting studics 10 identify
matcrials and designs for high density electronics
packaging for multi-chip modules that will
survive in the Mars thermal environment.



+  Thermal Control” - developing a warm
clectronics enclosure for critical electronic
components and instruments, using phase
materials, diode heat pipes, and acrogel insulation
for d i urnaltemperature control,

«  High-Yerformance, Low Temperature
Batteries - which fabricates and cvaluates the
performance of experimental cel Is and batieries
capable of ultimately operating properly at -60
degrees C.

«  Miniature Transponder - developing a now
miniature (< 2.5 kg) transponder including: a
narrow bandwidth Phase 1.ock 1 .oop (<20} 12)
with a carrier tracking threshold of -158 dBny; a
wide dynamic range (>70 dB)’; and a command
detector  functionality  for  multi-uscs
conpatibility.

Highly relevant 1o Mars exploration are the
technologi ¢s of miniaturized microrovers capable of
survival and mobility on the Martian surface.  In
addition (o the technolog ies listed above, this paper
also discusses the main goal s and achicvements of the
rover technology activities under this program:

+ Miniture Planctary Rovers - developing
technologies™ i n miniaturization, long range
mobility, and mobile scicnce acquisition,

The rest OF the paper describes the goalsand main
AclllieV L' Dlc.lls to date meach of these arca as.

1. Precision lLanding

Precision landing is animportant and enabling
capability for several future Mars missions, because
many interesting areas of scientific investigation on
Mars arc cither small inexientor arc inregions of
hazardous terrain,  Precision landing may also be
crucial to Mars sample ret urn scenarios in which a
sample is Teft from a previous mission 10 be acquired
by a return vehicle via a rover or arms, Also, Mars
landing site sclection 1S based primarily on science
objectives and landing safely.  Scle ctionol safe and
scientifically inte resting landing loca tions is
complicated by large dispersions or uncertaintics in
the actual landed position relative to the desired
locat ion,

Rased on today’s technology, these landing Jocation
crrors can be more than 150 km, Most of this crror
derives from two sources: navigation crrors in the
approach 1o Mars, and corrup tion 01 the trajectory
during the entry phase by acrodynamic uncertainties.
Il is aso inthese two mission phases, the planctary
appt oach phase and the enitry phase, where the control

power exists to correct errors on this magnitude. in
the subscquent mission phases, the parachute phase.
and the terminal descent phase, landing location
correction is limited toafewkmatbest, and may
resultin undesirable increascs to the landed mass.

A stratcgy has been developed for improving the
accuracy and precision of landings on Mars:

1'he. Approach/Entry Phase. and the Terminal Descent
Phasc can be considered as separate and distinet
portions of the landing mission, with an interface at
parachute deployment.  The ability to conduct
precision landings in the Terminal Phase. is
independent of what happens in the previous  phases,
while Landing acc uracy is dependent, atleast down to
the kilometer level, only oncontrol (luring the
Approach and Entry Phascs.

For the Approach/ intry Phase, the goal is to reduce
the position crror at parachute deployment below the
current value of about 11501 km, Reduction to 1501
km would be of use, but reduction to less than 110
km s nceded belore accurate, precision landings scan
be accomplished,

For the Terminal Descent Phase, the goal is to
navigate up to 10 kmto compensate for 1) errors in
parachute deployment left over from the
approach/entry phasc; 2) wind -induced crrors while on
the parachute; and 3) map-tic ¢rrors. 1t is assumed
that a propulgion system and radar altimcter are
required, regardless o f precision landing requirements,
justto provide a soft landing with no horizontal
motion. Bothaccuracy and precision in this phase
require the ability 1o sense target-relative location
and/orto sense. hazards.

The use of optical approach navigation using the
Martian moons, Phobos and Dcimos, has been
Cvaluated. Thisstudy used realistic assumptions on
the camera system performance (@ ~Icl]lclllillc-like
narrow angle camera), satcllite ephemerisknowledge
accuracy, an(l center-finding capability for the non-
spherical moons of Mars,  The results show
significantimprovement over radio-only navigation
inthe Approach Phase. The study to-date indicates the.
viability of this optical technique for improving
Approach Navigation Phase accuracy. Scveral
technical issucs remain to be solved before the use of
(m-board optical navigation in the Approach Phase of
a Mars landing mission can bce demonstrated.
Algorithms to be used for on-board image processing
and orbit determination must be developed and
simulated in the presence of redlistic error sources.
Requirements 011 spracecraft systems m ust be
developed and evaluated to provide attitude control for
camera pointing and stability. The impact of this



optical navigation technique on mission design and
scquencing will be significant, requiring mancuvering
in attitude and velocity changes late in the Approach
Phasc.

Acrodynamic control during the entry phase would
cnable the capability for low and medium lift entry
bodics to provide the control authority nceded (o
correct for expected crrors in entry conditions and for
atmosphere density uncertaintics.  Results so far
indicate that a medium lift entry body (1./D = 1.1) can
provide the needed authority 1o correct the worsl
expected errors. The question of whether a low il
entry body (1/ = 0.3) can correct for atmospheric
density uncertaintics, in the presence of reduced errors
in entry conditions, is being investigated.

Terminal Descent

A review of methods for acquiring and using imaging
data during the terminal descent phase is identifying
the most promising techniques for development. Data
types being considered for use in this phase include
images taken in visible and/or infrared light (passive
or active), radar and/or lidar images or altimetric data,
and active or passive beacons implaced by previous
landers or impacters.There is a significant body of
previous work in this arca. In general, this work was
not carried 1o a conclusion or to flight, and the
question of what systems, or even what frequencices
should or could be used (o acquire navigation data in
this phase is still open.

1. In Situ Propellant Production

Use of the Martian atmosphere to produce oxygen,
and possibly hydrocarbon propellant for a return trip
to Earth can dramatically lower the mission payload
and hence the cost and launch requirements of a Mars
Sample Return mission. A figure of merit for this
technology is the mass that must be Tanded 1o return a
sample of any given weight and diversity of Mars
materials 1o Earth, The degree to which ISPP reduces
this mass is the main value ol 1ISPP. This value
must be comparced against the additional complexity
and risk associated with use of 1SPP, as well as the
cost of developing and implementing 1SPP. Various
clements of prototype hardware (o demonstrate these
processes  have been developed by several
organizations, notably Martin Marictta and the
University of Arizona, The object now is (0 take
these beginnings, and demonstrate that viable systems
an be produced from them. Ultimately, these
chemical conversion systems must be integrated and
combined with storage/cryogenic systems, cenergy
systems, and propulsion systems,

A typical Mars 1SPP process includes many steps
ranging from carrying propellant tanks 1o Mars
surfacc, to compressing the Martian atmosphere,
chemically converting CO2 to 02 and possibly a
hydrocarbon propellant, compressing, cooling and
hiquelying product gases and storing in cmply
propellant tanks and lifting off using thrusters
specifically designed for the propellants produced.<p>

Basically, there are two overall processes which are
the front-runners for ISPP, and these have some
potentinl variants,

Onc process uses the Sabatier/Electrolysis (S/1)
process, in which hydrogen (brought from Earth) is
reacted with compressed CO2 in a heated chemical
reactor:

11 CO2+44H2 - > CH4 + 2 H20<p>
The methane so formed is collected and saved for use
as a propellant, The water is collected, deionized, and
clectrolyzed in an electrolysis cell:

2120 4 clectricity ------ >2H2 + O2

The oxygen is saved for use as a propellant. The S/E
process has been studied in some detail ("Mars
Sample Return with In Sitn Resource Utilization,"”
Final report, Contract NAS 9-19145, Martin-Marictta
Corp., Jan. 13, 1995) at a lab beneh level. The great
advantage of this process is that it is fairly well
undersiood and scems to work well as a system. There
do not scem 1o be any fundamental technological
challenges ahcad in further perfection of the
conversion plant system, although a number of
engincering improvements are necessary. There are
two potential problems with the §/E process. One is
that the process is fairly complex and requires a
number of vessels and considerable plumbing, which
could drive the mass up and increase system risk. The
other, which appears to be more serious, is the
requircment of bringing hydrogen from Earth, This is
a potential mass/cost driver for a mission, and at this
Juncture, 1Cis not even clear that there is a technology
whereby hydrogen can be brought from Earth and
stored on Mars. If the S/E process is to be developed
to a flight system, it will be important to investigate
hydrogen storage.

The second process, typically known as the "zirconia
approach,” partially dissociatcs Martian CO2 and
utilizes a solid state clectrolyle (typically yuria-
stabilized zirconia at ~ 900°C) o transporl oxygen
ions across a membranc in order o remove 02 from
the partially dissociated mixture. This requires a
suitable catalyst/clectrode at the surface of the
clectrolyte to convert gascous oxygen 1o oxygen ions.



The great attraction of the zircomia process is the
conceptual Simplicity of the oxygen separation
process and the potential for a compacteell. 1lowever,
in practice, the tradition has beento rely (m wbular
ceramic cells for test purposes.  These arc not
compact, and appcar 10 be structurally flimsy and
liable to failure under Taunch or landing loads. A new
concept for combining planar fuel cell gcometry with
the use of rugged singre crystal shects o1 zirconia
holds promise for simple, incxpensive, rugged
zirconia assemblies. 1 Jowever, these nustbe proven
by experiment.

The overall comparison of mass and power
requirements of the zirconia and Sabaticr/el cctrolysis
processes depends on @ number of factors which
remain uncertain at this point. One of the reasons 10
conduct developient work on both processes isto
clarily the paramelers ol this comparison.

Other 1SPP approaches have been proposed. 1 hescare
under review. They include use of the R('vet se Wate
Gas Shift reaction 10 enhance oxygen production,
possible use 0la gas discharge front-end for Zirconia,
and possible use of diborane and carbon dioxide as
propellants,
Indeveloping 1S1'}’, our god is 10 demonstrate a
viable technology in the form of a compact, flight-
i ke. unit which can be tested in a relevant
environment, a as early a date as possible. Duc 10
fimits on the funding available and the state of the
technology, it was decided that a viable program plan
must be limited by the following constraints: (1) We
will concentrate on the two most advanced
lechnologics: Sabatier/Filectrolysis and Zirconia; (2)
Initial work will be concentrated on determining the
performance characteristics and general viabi | ity 01 the
S/t and Zirconia processes in laboratory bench scale
prototypes.

When sufTicient data become available 10 assure that
al lcast one of these processes is indeed viable, the
more attractive of these will be selected fot
demonstration as a compact, Hlight-like umit which
can be tested in a relevant environment. Fechnology
development on the inter face technologices which tic
directlyto 1S1'1': (i) thermaland power management,
(ii) compatibility with designs and conligurations of
descent and ascent  vehicles, and (iii) gas
pressurization, liquefaction and cryogenic storage, and
(iv) compatibility with propulsion systems (gas-led,
and thruster performanc ¢) will follow closely alte r
demonstration of compact, flight-like unit. We will
slay alerttonewideasin 1S1'1" as they arise, and
consider funding thei” exploration, but only as a
sccond priority behind (It} cloj)ing S/1: or Zirconiato
the demonstration stage.

Theplanfor [S}'} development calls rot” furthes
development of the two competing processes (S/E and
Zirconia) over a 17 month period, having starling in
April 1995, with a comprehensive review and
decision point in August, 1996 as 1o which approach
to sclect for further development.

1. Sample Acquisition

Evenfor alow cost sample. return, careful sample
selection will be necessary, and rocks arc highly
desirable, although constraints may be such that only
loose soil and pebbles may be collected. In Ref. 1,
size and power | imitations were thought to preclude
sawing or coring, and it was hope.(1 that the nced for
unweathered rock would be answered by collecting,
pebbles and utilizing material from their interiors.
However, the ability to chip or core during the
sample collection process itself might still prove
fea sible, and could be of  great scientific value.
Furthermore, a mission concerned w ith water
detee ion would probably concentrate (M acquisition
of sub-soil samples by drilling.

It is possible that in order 10 reduce costs, future
MSR planners may accept smaller samples, but there
appcars 10 be a consensus of opinion of the minimum
desired sample size. Ref. 13 assumes a 5 kg sample
(m the grounds that “the MESUR-based sample return
study, conducted by l.ockhced-Martin and JPI. in
1993, determined that for any given sample, 100
grams of material issufficient to correctly characterize
the sample type” 1 lowever, 5 kg isrecommended as
“a rcasonable starting point” for the total sample. sct
in order 10 carry out nceded analyses on a range of
samples.

Sampling requircments for Mars surface cxploration
missions arc aso under development. Thirty-six of
the 6-4 potential Mars surface instruments would
require horizontal deployment on the surf ace., with
roughly 2/3 of these requiring deployment distances
of <1 m, and about1/3 requiring deployment
distances of 1 10 10 m. ‘lwo instruments need
deployment distances greater than 10 m (Ref. 1 5).
Some instruments require vertical deployment with a
mast or balloon, Thirly-nine instruments require
bringing a sample. back to the instrument, Of these,
17required soi 1, 11 rock, 7 unwecathered rock, 2
duricrust and 2 requiredice. Surface manipul ators 10
acquire these sample were suggested as scoops, soil
cores, trenchers, chippers, augers and dri s,

Specifically, this program will develop capabilities in
the following sampling technology arcas:



« visualuser interfaces and work silt calibration for
the opc.rater's sample sclection

« cfficientcontrol of robotic motions dill-i]lg
sampling (ftcc.-spacc, guarded, andcontact)
including powCr ana cnergy
conservation/manage ment

+sensor processing/perception for robol guidance,
sample acquisitionand analysis

« robot control behavior for robust autonomy in
response 1o real-l ime sensor data

« control architccture integrating scnsor and
knowledge-driven sampling activitics

The focus of the task is on mid-term Mars Sur veyor
science  goals- the Mars 2001 Lande r i s
representative, with evolution to Mars Sample Return
a longer range 1ask technology objective. R&D
partnerships withthe science community, NASA and
outside, foster coherent sampling concepts, flight
robotics technology insertion, and coupling 1o NASA
strategic  goals  of cost-cffective sl))all-scale
technologics.

Specifically, Inc. task has made significant
tcchnological contributions to enhance the Mars 98
Lander scicnee capabi lities. An accelerated effort was
madc in Y9510 define arclevant robotic sample
acquisition subsystem for 1998 flight science
integration, Progress in this work was demonstrated
in laboratory technology concept demonstrations
occuring in May 1995, and tcaming relationships
wilh science iny restigators succesfully proposing to
the Mars “98 Science package.

1. IN Situ Instruments

The scarch for water (when, where, form and amount)
acts is a common thread for many of the scientific
objectives in Mars surface exploration. In situ
instruments have been identificd as an important need.
With this great emphasis (M water, it was decided o
develop an instrument uniquely capable of detecting
and characterizing water in different staes, a nyiniature
Magnetic Resonance Spectrometer (3{cl’. 21).
Resonance nstruments work on the principle that a
magnetic ficld is applicd 1o the sample, thus splitting
the energy levels of cither the nuclear or electronic
spin states , and then energy is pumped into the states.
Mcasurcment is made of cither the energy absorbed,
or the re-cmitted energy as a function of wavelength.
Characteristic spectra reveal the composition of the
sample. The advantages of magnetic resonance
techniques are that: samples are tested under ambicnl

conditions; minimal preparation or disruption o f
samples (gram o milligram); analysis is not
confounded by sample matrix; the spectrum is
molccule-specific.

The special features of Nuclear Magneltic resonance
(NMR) arc that it can detect the presence of: water in
soil, minerals, rocks;frce waler in pore.s; adsorbed
wale.r onsurfaces; chemically bound wale.r. The
special features Of  EPR are that it can deteet: natu re
of oxidantin Martian soil; oxidation stale of
paramagncelic ionsin soil (mineralogy);
characterization of volatiles (carbonates, sulfates;
radicalsin icy samples (characterization @ impurity
level); organics in subsoil.

1 aboratory instruments use ¢w (change of impedance)
or pulsed mode (observe re-cmitted radial. These
strum ents use. large clectromagnets 10 apply the
magncticficld. For a space instrament, a miniature
permancnt magnet system would be used (Ref. 24).
The scanning method would depend on til e
application, Scanning at fixed magnetic ficld with
variable frequency is relatively casy for NMR becausce
circuitry 10 scan 1f radiation is readily available. On
the other hand, EPR reguires scanning at microwave
frequencies and this poses much more of a challenge.

A goal of this task is (o exploit prototype instrument
probe systems for preliminary in-situ characlerization
of Martian surface. chemistry, and to support the
sample selection, and site sclection objectives. The
goal is to utilize innovative ncw technology in an
cxternal detection mode, which (km not require a
separate sampling procedure for analysis. Since the
scarch for waler has been chosen as a central theme
for Mars exploration, initial emphasisin our program
is (m building and testing of a miniaturc Magnclic
Resonance Spectrometer (MRS) with combine. (i
capabilitics of Nuclcar Magnctic Resonance (NMR)
and FElc ctron Paramagn ctic Resonance (lii’1<).
Conventional NMR - and EPR gystems in the
laboratory cmploy very large, heavy clectromagnets
and sweep the magnetic ficld 1o obse rve spectra.
Miniaturization is achicved by using small permancent
magnets, and a tunable RE cavity 1o achic ve a
frequency sweep. It is projected that mass reduction of
severalhundredto one will be possible.. This would
provide a n(m-invasive analytical technique with a
unique combination of capabilitics such as detection
of walter, characterization of volatiles, active oxygen
specics, oxidation stales of paramagnetic ions, and
detection of possible organics from soil, minerals and
rocks.

Recenti y achicved results included demonstration of a
High Sensitivity R F Magnetic ficld Antenna Scnsor
Demonstration. A miniature. R} antenna was



demonstrated (scan range of 1 Mz - 2 MH7) that fits
into a miniaturc NMR spectrometer probe in CW and
pulsed modes. This antenna was combined with NMR
stgnal processing  circuit using a laboratory
clectromagnet. Tests were conducted of spectrometer
sensitivity with standard proton NMR samples and
geologic samples (clay). This required development of
ancar-ficld (1-3 em) wideband RY antenna technology
with specified radiation {icld conliguration as well as
signal detection with high sensivitity,

1. Planctary Microrover

The science rover task develops technologics that
cnable 20 Kg class microrovers (o autonomously
traverse many kilometers on the surface of Mars and
perform scientist dirceted experiments and return
relevant data back to Earth., Present microrover
technology, as represented by the Sojourner rover in
the Mars Pathfinder mission, has several limitations
that preclude more ambitious science rich missions,
Current microrovers have very limited traverse (10s of
meters), are not capable of sample acquisition and
manipulation (i.c., soil and rock acquisition,
subsurface access, cmplacement of instruments), have
limited science packages onboard, are designed for
short term missions (10 days), and require carelul and
repetitive ground monitoring and control (limited
antonomy)

There is great interest in the science commumity 10
explore Mars by landing near interesting geographic
arcas and moving 1o pre-sclected targets (o offsel
landing crrors. 1t is desirable to place instrument
against outcrops or loose rocks, possibly collect
rocks for return 1o Farth, and scarch an arca for
sample of interest. Also, long traverse will provide an
opportunity to make observations and measurements
along traverses and (0 access a wide varicty of rocks
from different regions of Mars,

Efforts at JPL., in collaboration with lcading
universities  and industry, have focused on
development and terrestrial demonstration ol three
types of microrover vehicles:

e 12--15 kg rovers capable ol carrying a science
payload of about 5-6 kg. These rovers will have
the capability to perform on the surlface of Mars
important. new tasks in macro and  micro
imaging, visual and ncar-infrared spectroscopy,
sample acquisition and manipulation,

- 5- kg miniatrized rovers capable of  higher-
yield, longer duration science -- for both
cquatorial and polar Martian  extremes.
Fundamental issues include reducing mass and
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volume of rover structural and actuator design,
achicving high density power; delivery over wide
thermal ranges, maintaining a stable thermal
cnvironment; creating new classes of ultra-light,
cnvironmentally resistant miniaturized robotic
sampling devices; controlling force contact tasks
of an ultra-light rover-manipulator platform on
uncven terrain; and integrating broad-capability
science instruments into these rover architectural
imnovations.

e Extremely small automated or remotely-
controlled vehicles which open new application
frontiers by breakthroughs in mass reduction.
One of these possible applications is the use of
nanorovers (robotic vehicles of the order of 10-50
grams) i planctary exploration. Such vehicles
could be used, for example, to survey arcas
around a lander, or even to be distributed atong
the Jander descent trajectory, and 10 look for a
particular substauce such as water ice or
nmicrofossil

1. Low Temperature, High
Density Electronics

The objccetive of this work is 10 assure that the new
breakthroughs in high density electronic packaging
now becoming available, which were designed for
warm applications, can survive the Martian night in a
state-of-the-art thermal enclosure.  The approach (o
survivable clectronics will be o develop models for
the physical processes that cause failure under thermal
cycling, and to verify these through test. This will
allow us 1o assess the survivability of present designs
under various thermal stresses, as well as 1o propose
altcrnative designs for high density flight clectronics
that avoid these failure modes,

This task will produce specific designs, including
matcrials, for high density clectronics that will
survive on Mars or in other extreme temperature

temperature environments. An integral part of this
cffort is pioncering work in the characterization and
modcling of failurc mechanisms of high density
clectronics hardware.,

Miniaturized flight clectronics are needed which can
operate on the surface of Mars. Multi-Chip Modules
(MCM’s) arc under development for warm clectrThe
objecctive of this work is to assurce that the new



breakthroughs in high onics which will offer
significant reductions in size and weight. There are
lwo questions: (1) Will these clectronic packages
survive and function (m the surface of Mars?; ('2) if
not, how cantheir design be modified to make them
survivable?

Conventional approaches (o evaluating  and
controlling failurc risk of clectronic componcnts are
not cffective for critical failure modes of Multi-Chip
Modules (MCM’s). It s not possible, by testing
alone, 10 vertly acceptable Tow failure risk for critical
damage-accumulation failure. modes that are
indigenous to MCM ‘s, However, failure risk duc (o
damage-accumulation fal lure modes canbe ¢ flectively
cvaluated and controlled using a Probabilistic Physics
of Failure (P201) approach that incor porates both
testing and analytical modeling based on fundamental
analyses of the physics and mechanics ol fail ure
mechanisms.

In P20k, probabilistic models bawd on the physics of
failure phenomena provide a  framework for
incorporating information from materials and
component testing, inspection (NDYE/NDI, and
cnvironmental characterization, cven when such
information is va.gut, approximatc, sparsc, or
uncertain.

MCM-D multi-chip module packaging technology
wii i be evaluated to determine probabilives of fai luic
when subjected to thermal eycling characteristic of the
Mars surface, andspecific failure modes and associated
design aspects wiii be identificd. The probabilitics of
failure will be (ick’mine. d as a function of the thermal
variations to which the clectronics arc subjected.

In the unlikely event that it will be found that the
clectronics (designed for warm clIVirolllllc.ills) - will
function adequately inthe Mats environment, nothing
further 1y ced be done. 111 the more likely eventthat the
probability of Tailurc is 1007 high 10 be acre. plilblc., we
will do two things:

(i) Specify the maximum allowable range of thermal
variation (as achicved by advanced thermal control) 1o
meet adequale standards of reliablity,

(i) Speceify specific design changes in the multi-chip
module packaging technology which wiii climinate or
significantly reduce the probability of major failure
modes, thus significantly improving reliability in a
Mars-like enviornment.

The main achicvements o date include: 1) identify
three 10 ten eritical low-temperature failure modes for
high dcensity clectronic  packaging  substrate
technology (MCM-D), beginning with the n-Chip

substrate; 2) cstablish a working relationship (data
cxchange, MCM-Dsubstrates for cbarficleriz.glim,
elc ) with MCM-D manufacturers; 3) Charac (erize
residual stress and relevant physical features of the
multilayer, thin fil m structure of the n-Chip
substrates, 4) Develop a probabilistic i fe prediction
model based onthe physics of the low-temperature,
damage-accum ylation failure processes that includes
the characterization of residual stress and  physical
features of the n-Chip substrate; 5) Apply the.
probabilistic pilysics-of-failure 1’20y model 1o
assess life of the n-Chip module for a range of
the.rn)al cycles including that of the Mars
environment, considering the major life and risk
drivers which include the depth of thermal cycles,
physical features and (lime.nsi(ms of substratc layers,
lilt. sizc range.s of possible manufacturing defects, and
the materials used for substrate layers.

1. Thermal Control

The Martian environment provides a very wide
varialion in ambient tcmperature from day 1o night,
Mosl clectronics developed for us (m Earth require
operating temperatures in the range 233 K clvinto
313 Kelvin, and limits  for swrvival in extreme
temperatures. W hiic it is hoped that some. day,
special electronics will be developed which can
survive low temperatures and possibly even operale at
low temperatures, the continuing pressure 1o drive
costsdown (m space missions usualy implies that
low -cost standard clectronics developed for mom
temperature operation wil 1 bc cmployed on f uture
Mars L.anders. Protecting clectronics, batterics and
other components from  the low temperat ure night
chvironment is a critical nced of Mars lLander
missions.

} ‘uture Mars Landers arc expected o (i raw thei r power
from photovoltaic cells.  As a result, significant
power will only be available during sunlit hours.
While batteries can be used to provide minimal power
over night, the power they can suppry is limited, and
furthermore, they must be protected from very low
temperatures  at night. 11 is exactly when
temperatures arc lowest that the lcast power i s
available for hcaters 10 maintain the warmth of key
COmponents,

In order to cope wien this problem, tile Mars
Pathfinder anti 98 1.ander missions will house
clectronics and batlerics within enclosures which arc
v ery cffectively insulated, and which contain
Radioisotope Heating Units (RHUS) whit.il produce a
considerable amount of heat for their mass (- 1 W
per 50 g). Because mass is always very scarce,
lightweight enclosures have been developed using
ultra-cfficient insulation (Ref. 27). However REIUS



arc no longer being produced. 11 is expected that
RHUs will probably not be available for Mars
missions after thc 1998 launch.

Without RHUs to provide heal overnight, such warm
clectronics enclosures will go through very wide
temperature swings during the diurnal cycle, despite
the excellent warm clectronics box (WER) design
de veloped by | lickey et al. - Therelore, POSL- 1998
Mars landers face a potential crisis inthermal
control. Bascd onrecentmodelling, it is belicved that
the. best way to provide thermal control in the absence
of Rl Usistocollectandstore heat during the (lay
when the sun shines, and relcase the heat at night 1o
significantly reduce the diurnal temperature variation
in an ¢lectronics/battery enclosure, There IS a rcady
seam of heat during the day because the photovoltaic
sways associated withthe lander operate above room
temperature, and the frames or supports for these PV
arrays may be regarded as an essentially infinite heal
source. for needs during the day.

| [cat can be stored cfficiently in phasc-change material
(PCM) which is a material that undergoes repeated
cycles of melting and resolidification when heated and
cooled at periodic intervals.  Dodecance, with its
melting point of about 260K, is an obvious choice,
forourapplication. 1 lcatcanbe transported from the
PV arrays o the PCM within the enclosure by means
of a miniaturc heat pipe filled with a substance such
aspropylenc.

A viable design conceptfor a warm ¢ lectr onics
enclosure has been dei’eloped, fabricated and fully
tested for atmospher ic and 10 torr ambicnt p ressures,
and simulated Mars thermal cenvironment.  The
enclosure consisted of a 6-inch cubical box that
included 5 Dodec ance PCM pancls and one 1)od ccance
PCM pane] swith integrated butane diode. heat pipe
labricated under @ JIP1, contract to Encrgy Sciences
1.aboratory. These pancls, assembled 10 form a
cubical cnclosure, were cnclosed within a foam
insulated box. The tests evaluated the perforamnee of
the enclosure through 3 diurnal thermal cycles, with
heating applicd to a simulated clectronics mass 1o
simulate a typical clectronics payload duty cycle. The
tests showed reproducible phase transitions and
maintained interior westtemperatures withinthe range
-?5 10420 degrees Celsius.

1. High Performance, Low
Temperature Batteries

Baticrics arc the ideal choice as primary powcer sources
and for angmenting other power systems during peak
loads in NASA’s space missions. Various battery

systems, including primary Li/SOCI2 or rechargeable
Ni/Cd or Ni/H, arc currently used depending on the
energy requirements and longevity of the mission.
Most of thesc batlery systems have attractive specific
energy and power densitics;  however, the desired
performance is limited L0 a narrow temperature range
of -20 to 470 °C. Also, the rcalizable cfficicncies
and cnergy densitics of these systems are rather low at
sub-zero temperatures. The ambient temperature of
some of the planctary missions arc math lower than
-20 “C.Thisnecessitates insulation of the batlery
from cxtreme ambient iemperatures prevalent al
planctary surfaces and possibly a warm up of the
baticry by another cnergy source. No known
clectrochemical system functions efficiently in such
extremely cold environments. Here, we propose. 1o
carry oul studics lecading 10 an identification and
cvaluation of such a cryogenic battery system, basced
(m our present understanding of the advanced lithium
battery systems. Rechargeable lithium batteries have
a higher specific energy (2-3 lime.s) and a higher
cnergy density (2-3 times) compared (o state-of-the-art
batteries such as Ni-Cd and Ni-1 1o, In addition, these
batleries have longer storage life and a lower sclf
discharge rate. In view of these advantages,
rechargeable lithium baticrics arc. presently being
considered for several commercial/terres trial
applic.dlims where weight, volume., and cyclelife arc
critical. The advantages of reduced mass and volume
also muake these batteries attractive for acrospace
applications.

The overall objective of this program is to develop a
low tempcerature battery with high specific. cnergy and
cnergy density and to demonstrate the technology for
the. Mars Exploration program. The nominal program
plan is from FY 951099. The specific objective of
the 1Y 95 effort isto develop electrode and electrol yte
matcrials for low temperature batterics.

A scrics of tests have been conducted 1o find suitable
clectrolyte solutions based onthe solve.nts that
remain in the liquid phase. at low temperature, The
feasibility of the low temperature cell concept has
been demonstrated.  The test cells arc. stored in an
cnvironmental chamber capable of control | ing the ceil
temperature. The electrical performance and cycle li fe
performance characteristics of these cells at low
temperature i S then evaluated. Successful
cxperiments were conducted o cycle. EC-based
clectrolyte experimental test cells at <20 C
Investigations continue on novel el cetrolyte systems
that can operate at -40 to -60 C.

1. small Deep Space Transponder



The object is 10 develop a miniature X-band deep
spat. ¢ transponder. T nis involves two major
icchnology developments, one being a digital X-band
receiver using advanced GaAs Monolithic M icrowave
Integrated Circuit (MMIC) technology, and the other
involves development of miniature high -frequency
high-density clectronic packaging technology. The
combination of these two technology advances win
cnable a new miniature transponder with unsurpassed
performance:

«  Narrow bandwidth Phase 1 .ock Loop
{(<20112) with a carrier tracking threshold of
-158 dBm.

«  Wide dynamic range (>70 dB)

. Command Dctector functionality (for mult-
user compatibility)

« Total mass <2.5 kg.

In the past, deep space eleconmunication systems
for space.craf( have beendevelopedindividually 10 fit
the requi rements of cach spacecralt project. Since past
spacecraft tended to be heavy, expensive, and power
hungry, teleccommumication systems bascd on past
spacecralt designs arc. inappropriate for use on new
m iniaturized spacecrafl. For Mats Tanderslaunched
from Med-1.itelaunch vehicles, mass, power and
volume arc precious commodit s, and it is crucial
that a truly miniaturized, high cfficiency
telecommunication system be developed for this kind
of application. Acknowledgenients,

1. Concluding Remarks

Technologies are under development which arc
targetted [0 important needs of Mar s surface
exploration missions.  LEarly versions of this
technology is rcady for near-lcin] mission
opportunitics. Successlul infusion of the sampling
systen technology into the planned Mars 98 mission
i s an cxample of an carly application. Other
technologics, such as in-situ resource utitization,
respond to longer term missions.
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